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The what?
• The Deep Underground Neutrino Experiment (DUNE)
- Future long-baseline neutrino oscillation experiment

- Consists of two sites 1300 km apart

- A new MW-scale wideband 𝜈" beam with separate 𝜈 and 𝜈 with mode

- Will measure both 𝜈" disappearance and 𝜈# appearance
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The what?
• The Deep Underground Neutrino Experiment (DUNE)
- Future long baseline neutrino oscillation experiment

- Consists of two sites 1300 km apart

- A new MW-scale wideband νµ beam

Chapter 3: Technical Overview 3–27

Figure 3.3: 3D models of two 10-kt detectors using the single-phase reference design (left) and the
dual-phase alternative design (right) for the DUNE far detector to be located at 4850L.

Interactions in LAr produce ionization charge and scintillation light. The ionization electrons are
drifted with a constant electric field away from the cathode plane and towards the segmented
anode plane. The prompt scintillation light, detected by photo-detectors, provides the absolute
time of the event. The reference design adopts a single-phase readout, where the readout anode
is composed of wire planes in the LAr volume. The alternative design implements a dual-phase
approach, in which the ionization charges are extracted, amplified and detected in gaseous argon
(GAr) above the liquid surface. The dual-phase design would allow for a finer readout pitch
(3 mm), a lower detection-energy threshold, and better pattern reconstruction of the events. The
photon-detection schemes used in the two designs are complementary, one is distributed within
the LAr volume, the other is concentrated at the bottom of the tank.

The 10-kt reference design TPC is described in Chapter 4 of Volume 4: The DUNE Detectors at
LBNF. Its active volume is 12 m high, 14.5 m wide and 58 m long, instrumented with anode plane
assemblies (APAs), which are 6.3 m high and 2.3 m wide, and cathode plane assemblies (CPAs),
3 m high by 2.3 wide. Vertical stacks of two APAs and four CPAs instrument the 12 m height of
the active volume. The 12.5-m width of the detector is spanned by three stacks of APAs and two
stacks of CPAs in an APA:CPA:APA:CPA:APA arrangement, resulting in four 3.6-m drift volumes,
while the 58-m length of the active volume is spanned by 25 such stack arrangements placed edge
to edge. Hence a 10-kt far detector module consists of 150 APAs and 200 CPAs. The CPAs are
held at ≠180 kV, such that ionization electrons drift a maximum distance of 3.6 m in the electric
field of 500 V cm≠1. The highly modular nature of the detector design allows for manufacturing to
be distributed across a number of sites.

A comprehensive prototyping strategy for both designs is actively pursued (see Chapter 9 of Volume
4: The DUNE Detectors at LBNF). The reference design, closer to the original ICARUS design, is
currently being validated in the 35-t prototype LAr detector at Fermilab. The alternative design,
representing a novel approach, has been proven on several small-scale prototypes. Presently a
20-t dual-phase prototype (WA105) with dimensions 3◊1◊1 m3 is being constructed at CERN,
and should be operational in 2016. The ultimate validation of the engineered solutions for both
designs of the FD is foreseen in the context of the neutrino activities at the CERN North Area
extension (EHN1 area) around 2018, where full-scale engineering prototypes will be assembled and
commissioned. Following this milestone, a test-beam data campaign will be executed to collect a

Volume 1: The LBNF and DUNE Projects LBNF/DUNE Conceptual Design Report

• 4x10 kt Liquid Argon 
TPCs (LArTPC)

• Measures oscillated 
neutrino rates

• Near detector under 
design 

• Measures un-oscillated 
neutrino flux



The why?
The PMNS neutrino mixing matrix
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Neutrino Mixing

May 26, 2017 Lisa Whitehead Koerner | Physics with DUNE8
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= 𝑈𝑃𝑀𝑁𝑆

𝜈1
𝜈2
𝜈3

𝑈𝑃𝑀𝑁𝑆 =
1 0 0
0 cos 𝜃23 sin 𝜃23
0 − sin 𝜃23 cos 𝜃23

cos 𝜃13 0 sin 𝜃13 𝑒−𝑖𝛿
0 1 0

− sin 𝜃13𝑒𝑖𝛿 0 cos 𝜃13

cos 𝜃12 sin 𝜃12 0
− sin 𝜃12 cos 𝜃12 0

0 0 1

sin2 𝜃23 = 0.532−0.068+0.046

T2K (arXiv:1701.00432)
𝛿 = ?

sin2 2𝜃13 = 0.0841 ± 0.0033
Daya Bay (arXiv:1610.04802)

tan2 𝜃12 = 0.443−0.025+0.030

Solar + KamLAND
(PRC 88, 025501 2013)

sin2 𝜃23 = 0.404−0.022+0.030

sin2 𝜃23 = 0.624−0.030+0.022

NOvA (arXiv:1701.05891)

• All mixing angles have been measured, allowing measurements 
of the CP-violating phase

• Open questions:
• Is CP violated in neutrino oscillations (𝛿 ≠0 and 𝛿 ≠ 𝜋 )?
• Is 𝜃23 maximal? (=, <, > π/4?)

• All mixing angles measured to be 
non-zero, opening the door to 
measurements of the CP-violating 
phase δ

• Questions:
- Does CP violation occur in the neutrino 

sector? (sin 𝛿	
  ≠	
  0 ?)
- Is θ+, maximal? (θ+, = 45°?)
- What is the neutrino mass ordering?
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Neutrino Mass Hierarchy
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7/23/2017 Fermilab to Sanford Underground Research Facility - Google Maps

https://www.google.co.uk/maps/dir/Fermilab,+Pine+St,+Batavia,+IL+60510,+USA/Sanford+Underground+Research+Facility,+East+Summit+Street,+Lead,+SD… 1/1

Map data ©2017 Google, INEGI United Kingdom 500 km 

Drive 940 miles, 13 h 32 minFermilab to Sanford Underground Research
Facility

The where?



The measurement necessities
To make measurements of neutrino oscillation parameters we 
need to identify oscillated neutrinos in the DUNE far detector
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Acquiring such samples requires:
- Fully automated reconstruction
- Fully automated selections

Dominic Brailsford

Distributions	
  produced	
  using	
  
DUNE’s	
  ‘Fast	
  MC’	
  (truth	
  
smearing	
  and	
  parameterised
detector	
  efficiency)



Liquid Argon TPC reconstruction

03/08/20177

• Charged particles ionise argon
• Ionisation electrons drift in electric field
• Wire planes at anode record current 

from drifting electrons

• LArSoft: a fully automated 
software chain:
- Physics simulation
- Detector response 

simulation
- Signal processing
- Hit reconstruction
- Pattern recognition
- Track and shower 

reconstruction
- Calorimetry

Dominic Brailsford

E	
  field

Wire	
  plane	
  image	
  projection

T.	
  Yang,	
  “Automated	
  Reconstruction,	
  Signal	
  Processing	
  and	
  Particle	
  
Identification	
  in	
  DUNE,”	
  PoS ICHEP	
  2016,	
  183	
  (2016)



LArSoft
Run:   20000001/83
Event: 831030
UTC Fri Dec 5, 1980
22:43:55.944841024
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The CC νµ selection
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• Selection is a Multi-
Variate Analysis (MVA)

• The selection is split into 
two parts:
- Fiducial volume 

requirement
- 17-variable Boosted 

Decision Tree (BDT)

• BDT assesses 
characteristics of
- The whole interaction
- The longest track

• The BDT inputs 
include…

Reconstruction	
  of	
  a	
  simulated	
  CC	
  νµ interaction

µ

π+

p
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Alternative	
  selection:	
  A.	
  Radovic,	
  “Deep	
  
Learning	
  and	
  DUNE”,	
  Computing,	
  Analysis	
  
Tools	
  and	
  Data	
  Handling,	
  DPF	
  2017
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TMVA Input Variables: Avg Track Length
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LArSoft
Run:   20000001/83
Event: 831030
UTC Fri Dec 5, 1980
22:43:55.944841024

t [ticks]
0 500 1000 1500 2000 2500 3000 3500 40000

0.2
0.4
0.6
0.8

1

0 200 400 600 800 1000
1000

1500

2000

2500

3000

500 550 600 650 700 750 800

1000

1500

2000

2500

3000

280 300 320 340 360 380 400 420 440 460 480

2000

2200

2400

2600

2800

3000

3200 L1

L2

L3

Lav = (L1 + L2 + L3)/3

• Average reconstructed track 
length
- Arithmetic mean

- No weighting

Work	
  In	
  Progress

The CC νµ selection
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LArSoft
Run:   20000001/83
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• The length of the 
longest track
- Value tends to be large 

when track created by a 
muon

Work	
  In	
  Progress
Work	
  In	
  Progress
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TMVA Input Variables: Track PIDA

LArSoft
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• PIDA parameter of 
longest track
- Average value of A from 

all measured values of 
dE/dx vs. residual range

Work	
  In	
  Progress

The CC νµ selection
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PIDA	
  algorithm	
  developed	
  by	
  B.	
  Baller
ArgoNeuT Collaboration,	
  J.	
  Instrum.	
  8,	
  P08005	
  (2013)
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Fraction of Track Charge
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TMVA Input Variables: Fraction of Track Charge
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• Number of reconstructed tracks
• Total charge in readout window as 

measured by the collection plane wires
• dE/dx of longest track
• Ratio of lowest 50% to highest 50% of 

measured charge
• Fraction of charge within 200 detector clock 

ticks of longest track
• Fraction of the total measured charge 

contained on longest track
• Maximum fraction of charge contained on 

neighboring 5, 10, 50 and 100 wires
• Angle of longest track w.r.t the beam axis
• Longest track’s fractional transverse energy
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BDT classifier shows excellent separation 
with no signs of over-training

Efficiency and purity vs. trueneutrino energy 
when selecting reconstructed event with  a 
BDT response > 0.8
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LArSoft
Run:   20000002/50
Event: 49928
UTC Fri Dec 5, 1980
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• Selection of CC νe is very similar 
to the CC νµ selection
- Fiducial volume cut followed by 

BDT
- BDT uses 30 inputs

• The same 17 inputs as the CC νµ
BDT

• Additional 13 inputs

• BDT assesses characteristics of
- The whole interaction
- The longest track
- The highest energy shower

• These additional variables 
include…

Reconstruction	
  of	
  a	
  simulated	
  CC	
  νe interaction

π+

p

π-

e-

The CC νe selection
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γ
γ

Alternative	
  selection:	
  A.	
  Radovic,	
  “Deep	
  
Learning	
  and	
  DUNE”,	
  Computing,	
  Analysis	
  
Tools	
  and	
  Data	
  Handling,	
  DPF	
  2017
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• The number of 
reconstructed showers

Number of Showers
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LArSoft
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• dE/dx of the shower
- Calculated using the first 

3 cm of the shower
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• Total energy of the Highest Energy 
Shower (HES)

• Fraction of the total measured 
charged contained in the HES

• Length of the HES 
- Length defined in wires

• Number of reconstructed HES hits 
per shower hitting wire

• Fractional position along the HES 
to maximal charge
- Position defined in wires

• Distance from the HES start point 
to the neutrino vertex

• Angle of HES w.r.t. the beam axis

Work	
  In	
  Progress

Work	
  In	
  Progress

The CC νe selection
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TMVA overtraining check for classifier: BDTG

BDT classifier shows excellent separation 
with no signs of over-training

Efficiency and purity vs. simulated neutrino 
energy when selecting reconstructed event 
with  a BDT response > 0.8
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CC νµ selection tuning

• RHS plot shows DUNE’s ability to 
determine 𝛿<= for different values 
of θ23

• νµ disappearance provides a 
precision handle on θ23

• The νµ selection should be tuned to 
maximise its sensitivity to θ23

• How is this done?
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BDTG response
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U
/O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA overtraining check for classifier: BDTG
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*	
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  of	
  reconstructed	
  neutrino	
  energy	
  is	
  ongoing
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• RHS plot shows χ2
distribution for θ23=42.3°
and θ23=39.8°
- NuFit2014 minimum 

and -1σ value (normal 
hierarchy) 

• Clear maximum in the 
χ2 distribution
- MVA cut point: 0.88

• Further studies for νµ
and νe are ongoing
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CC νµ selection tuning



Summary

• DUNE is a future long-baseline neutrino oscillation experiment 
that will utilise liquid argon TPC technology

• Selections for DUNE’s neutrino oscillation fits are currently 
being developed

• The core of both selections is a BDT which shows excellent 
separation between signal and background

• Selection tuning studies are currently taking place

03/08/201724 Dominic Brailsford



Thank you
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Backups
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Test  no. θ23 A  (degrees) θ23 B  (degrees) Why?

1 42.3 39.8 θ23(NH) to  -­1σ

2 49.5 51.9 θ23(IH) to  +1σ

3 45 42.3 Max.  mix. to  θ23(NH)

4 45 49.5 Max.  mix. to  θ23(IH)

5 42.3 49.5 θ23(NH) to  θ23(IH)

NH:	
  Normal	
  Hierarchy
IH:	
  Inverted	
  Hierarchy

θ23 values	
  taken	
  from	
  global	
  fit	
  [REF]

νµ selection tuning

Dominic Brailsford



Both tests show well defined maxima with comparable χ2
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MVA value (cut point)
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• Test  3  and  test  4  show  
similar  results
– Test  4  has  a  higher  
max  χ2

• Test  5  shows  little  
sensitivity
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Test  no. θ23 A  
(degrees)

θ23 B  
(degrees) Why? MVA  val. Max  χ2

1 42.3 39.8 θ23(NH) to  -­1σ 0.88 1190.1

2 49.5 51.9 θ23(IH) to  +1σ 0.88 1106

3 45 42.3 Max.  mix. to  θ23(NH) 0.95 1045.87

4 45 49.5 Max.  mix. to  θ23(IH) 0.95 1424.7

5 42.3 49.5 θ23(NH) to  θ23(IH) 0.95 64.8

NH:	
  Normal	
  Hierarchy
IH:	
  Inverted	
  Hierarchy

θ23 values	
  taken	
  from	
  global	
  fit	
  [REF]

νµ selection tuning

Dominic Brailsford
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The νµ selection
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The νµ selection

Transverse Track Profile
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The νµ selection

Maximum Fraction of Charge in 100 Wires
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Event Charge  [ADC]
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The νe selection

Transverse Track Profile
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The νe selection

Maximum Fraction of Charge in 100 Wires
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Shower dE/dx  [MeV/cm]
0 20 40 60 80 100

2.
56

 M
eV

/c
m

 /  
(1

/N
) d

N

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

TMVA Input Variables: Shower dE/dx

Signal
Background

U
/O

-fl
ow

 (S
,B

): 
(0

.0
, 0

.0
)%

 / 
(0

.0
, 0

.0
)%

TMVA Input Variables: Shower dE/dx

Shower Energy  [GeV]
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TMVA Input Variables: Shower Energy

Fraction of Shower Charge
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TMVA Input Variables: Fraction of Shower Charge

NHits per Shower Wire
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TMVA Input Variables: NHits per Shower Wire

Shower Length  [wires]
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TMVA Input Variables: Shower Length

Shower Maximum
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Shower vtxx - event vtxx  [wires]
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TMVA Input Variables: Shower vtxx - event vtxx
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TMVA Input Variables: Shower vtxx - event vtxx

Shower vtxy - event vtxy  [wires]
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TMVA Input Variables: Shower vtxy - event vtxy

Shower vtxz - event vtxz  [wires]
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TMVA Input Variables: Shower vtxz - event vtxz
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TMVA Input Variables: shwcosx

shwcosy
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TMVA Input Variables: shwcosy
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The who?

• Large science collaboration
- 950+ scientists

- 164 institutions

- 30+ countries
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